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Impurity-free disordering ͑IFD͒, commonly known as impurity-free vacancy disordering, is a simple yet promising method for monolithic integration of active/passive components of optoelectronic devices.
1,2 InAs/ InP quantum dots ͑QDs͒ are promising active materials for high performance optoelectronic devices operating at long wavelength region ͑1.3-2 m͒. However, IFD of InAs/ InP QDs has not been studied comprehensively and its mechanism needs to be further clarified. Wang et al. 3 carried out impurity-free group III intermixing of an InAs/ InGaAlAs QDs-in-well structure grown on an InP substrate and reported a differential photoluminescence ͑PL͒ wavelength shift of 92 nm after annealing at 800°C for 30 s between Si x N y and SiO 2 capped samples. Chia et al. 4 performed group V intermixing in InAs/ InP QDs capped with a SiO 2 or SiN x layer and reported that the maximum differential energy shift between samples capped with the two dielectric layers after annealing at 850°C was 90 meV. They attributed the energy shift observed in the samples capped with a SiO 2 layer to group V outdiffusion due to microcrack formation during annealing. They observed very little suppression of the energy shift in the samples capped with a SiN x layer, but suggested that the use of a TiO 2 layer could suppress the energy shift and thereby would maximize the differential energy shift. We have recently reported on the improved thermal stability of the InAs/ InP QDs containing a GaAs interlayer. 5 In this letter, we present the results of IFD of these QDs and show that a TiO 2 layer does not suppress IFD of InAs/ InP QDs unlike that of InGaAs/ GaAs QDs. 6 To understand the mechanism of IFD in InP based QD structures a detailed study on the outdiffusion of different elements from a QD structure to a dielectric layer is necessary but has not been carried out so far. We present the x-ray photoelectron spectroscopy ͑XPS͒ depth profiles of different group III and V elements and show that selective and different amounts of outdiffusion of In, Ga, and P atoms to the dielectric layers result in varying degrees of intermixing. Our results suggest that a group V interstitial diffusion mechanism is responsible for IFD of InAs/ InP QDs. We also report on the effects of an InGaAs top cap layer on IFD of InAs/ InP QDs and show that a large differential energy shift of 157 meV can be obtained by using a top InGaAs cap layer.
InAs QDs are grown on semi-insulating ͑100͒ InP substrates using horizontal flow metal organic chemical vapor deposition ͑MOCVD͒ at a pressure of 180 mbars. Trimethylindium, trimethylgallium, PH 3 , and AsH 3 are used as precursors, and H 2 as the carrier gas. After an oxide desorption step of the substrate at 700°C for 10 min under PH 3 , the reactor temperature is reduced to 650°C and a 700 nm InP layer is grown. To minimize the As/ P exchange reaction, a 0.6 nm thick GaAs interlayer is also grown at the same temperature before the growth of a QD layer at 520°C. The InAs QDs are deposited for 6.5 s at the rate of 0.16 nm/ s using a V/III ratio of 8. The QDs are immediately capped without any growth interruption with a 300 nm InP layer, while the temperature is increased to 650°C. In another sample, instead of a 300 nm InP layer, an InGaAs/ InP bilayer consisting of a 200 nm InP layer and a 100 nm latticematched top InGaAs layer is grown. The QDs have a mean height of 8.2 nm as measured by atomic force microscopy on uncapped QDs and a mean diameter of 25 nm as measured by plan-view transmission electron microscopy on capped QDs.
After the MOCVD growth, the samples are deposited with a 180 nm thick layer of either SiO 2 or TiO 2 to study IFD of the QDs. SiO 2 is deposited using plasma enhanced chemical vapor deposition at room temperature using N 2 O and diluted SiH 4 ͑5% in N 2 ͒. TiO 2 is deposited using electron-beam evaporation. After the dielectric layer deposition, the samples are annealed at 700, 750, 800, and 850°C for 30 s in argon ambient using a rapid thermal processor. To protect the semiconductor surface from the excessive loss of group V atoms during annealing, the samples are proximity capped with the fresh substrates having the same group V atoms.
PL measurements are carried out at 77 K using the 532 nm line of a frequency doubled diode pumped solid state laser. The PL signal is collected by a thermoelectrically cooled InGaAs photodetector with a built-in preamplifier after dispersing through a 0.5 m monochromator.
The outdiffusion of different group III and V atoms from the semiconductor cap layer to the dielectric layer is determined using a VG ESCALAB220i-XL x-ray photoelectron spectrometer with a monochromated Al K␣ source. For dielectric surfaces, the spectra are calibrated using C 1s photoelectron peak corresponding to C-C species at the binding energy of 285.0 eV. High resolution elemental spectra are acquired for the In 3d 5/2 , Ga 2p 3/2 , As 2p 3/2 , P 2p 1/2 , Ti 2p 1/2 , Si 2s, and O 1s photoelectron peaks using an ana lyzer pass energy of 40 eV. The area of analysis is about 0.5ϫ 0.5 mm 2 . Depth profiling is carried out by Ar ion sputtering.
The normalized PL spectra of the InP capped samples coated with a SiO 2 or TiO 2 dielectric layer and annealed at 850°C for 30 s are shown in Fig. 1 . The PL spectra of the as-grown sample as well as the as-grown and annealed sample are also shown for reference. All spectra have a dip at 0.895 eV due to atmospheric absorption. After annealing, the PL of the annealed QDs is blueshifted due to thermal interdiffusion compared with that of the as-grown QDs. However, the thermal energy shift is only 54 meV. The PL peak energy is further blueshifted for the samples with the SiO 2 dielectric layer. Chia et al. 4 reported that in SiO 2 coated InAs/ InP QD samples, microcracks formed on the sample surface. A large amount of group V atoms outdiffused from the sample via the microcracks causing interdiffusion of the QDs. However, we do not observe any microcracks on the sample surface. Another surprising observation is that a TiO 2 layer does not suppress the energy shift upon thermal annealing as it does in an InGaAs/ GaAs QD system. annealing temperature is calculated as the difference between the PL energy peaks of the samples with and without a dielectric layer. As the annealing temperature increases, the energy shift increases. For the QDs capped with the InP layer, a TiO 2 layer produces more energy shift than a SiO 2 layer. However, for the QDs capped with the InGaAs/ InP bilayer, a SiO 2 layer gives more energy shift than a TiO 2 layer. After annealing at 850°C, the InGaAs/ InP capped QD structure coated with a SiO 2 layer shows a large energy shift of 157 meV, which is much larger than the reported maximum differential energy shift of 90 meV between a SiO 2 layer and a SiN x layer coated InAs/ InP QD samples having an InP cap layer. 4 To understand the effects of different cap and coating layers, XPS measurements are carried out. The XPS depth profiles of different elements of InAs QDs capped with the InGaAs/ InP bilayer and coated with a TiO 2 layer and a SiO 2 dielectric layer are shown in the insets of Figs. 3͑a͒ and 3͑b͒ , respectively. To show the outdiffusion of different atoms to the dielectric layer more clearly, the atomic concentration is replotted up to 5% in Fig. 3 . The samples are annealed at 850°C for 30 s. Figure 3͑a͒ shows that only In atoms outdiffuse to the TiO 2 layer, whereas Fig. 3͑b͒ shows that both In and Ga outdiffuse to the SiO 2 layer. The outdiffusion of these group III atoms to the dielectric layers may lead to the creation of either group III vacancies or group V interstitials in the QD structure. However, the intermixing due to the group III vacancy diffusion will have a minimal role in our QD system. Because of a small thickness of 0.6 nm, the effect of the GaAs interlayer underneath the InAs QD layer is negligible and there is no other group III atomic concentration gradient across the QD layer. Teng et al. 7 proposed that the group V interstitials generated at the SiO 2 and InGaAs surface diffused through the InGaAsP / InP quantum well ͑QW͒ heterostructure and led to the enhanced QW intermixing. We also believe that in an InP system, the intermixing by the diffusion of group V interstitials is a dominant mechanism, as also reported by other groups. 8, 9 The outdiffusion of group III atoms to the dielectric layer results in As interstitials in the InGaAs layer and eventually, P interstitials in the InP layer by the kick-out mechanism. The concentration of P interstitials due to both In and Ga outdiffusion is much higher in the SiO 2 coated sample than in the TiO 2 coated sample due to only In outdiffusion. As a result, the SiO 2 coated sample shows much higher energy shift than the TiO 2 coated sample, as shown in Fig. 2 . From the insets of Fig. 3 , it is also noted that the atomic concentration of In is higher than that of P in the InGaAs/ InP cap layer region. This is due to different sputtering rates of different elements during the depth profiling process. More P atoms are sputtered preferentially compared to In atoms leading to an In rich surface. However, since all samples are analyzed under the same conditions, we focus our discussion on the effects of elemental outdiffusion from a cap layer to a dielectric layer rather than trying to quantify the exact atomic percentages of different elements.
The XPS depth profiles of different elements of the InAs QDs capped with the InP layer and coated with a TiO 2 layer and a SiO 2 layer are shown in the insets of Figs. 4͑a͒ and 4͑b͒, respectively. The samples are annealed at 850°C for 30 s. The atomic concentration is replotted up to 5% in Fig. 4 . It can be seen that unlike As, P outdiffuses to the dielectric layers. Figure 4͑a͒ shows that more In atoms compared to P atoms outdiffuse to the TiO 2 layer. The outdiffusion of excess In atoms compared to P atoms results in P interstitials in the InP cap layer. These P interstitials diffuse through the QD layer causing significant intermixing of the InAs/ InP QDs. On the other hand, as shown in Fig. 4͑b͒ , the comparable amounts of In and P outdiffusion to the SiO 2 layer result in a small net concentration of P interstitials leading to a much reduced energy shift, as depicted in Fig. 2 .
Our results show that a TiO 2 dielectric layer does not suppress interdiffusion as observed in InGaAs/ GaAs QD systems, in which intermixing was governed by group III vacancy diffusion. 6 TiO 2 has been recently reported to enhance QW intermixing on InP / InGaAs/ InGaAsP heterostructures due to faster In interstitial diffusion. 10 The thermal expansion coefficient ͑␣͒ of TiO 2 ͑␣ = 8.2ϫ 10 −6 /°C͒ is larger than those of GaAs ͑␣ = 6.8ϫ 10 −6 /°C͒, InGaAs ͑␣ = 5.69ϫ 10 −6 /°C͒, and InP ͑␣ = 6.33ϫ 10 −6 /°C͒. TiO 2 generates a tensile stress in the semiconductor structure during annealing, and thus inhibits vacancy diffusion but promotes interstitial diffusion. 10 However, InP and InGaAs become compressive during annealing when it is coated with a SiO 2 layer ͑␣ = 0.52ϫ 10 −6 /°C͒ and thereby group V interstitial diffusion should be inhibited leading to a suppression in energy shift. However, we observe the maximum energy shift in the InGaAs/ InP bilayer capped sample with a SiO 2 coating. Based on the XPS results, we believe that in our InAs/ InP QD system, intermixing is mainly governed by group V interstitial diffusion and influenced by the outdiffusion of different elements to the dielectric layers. The stress may have only a small or insignificant role.
In conclusion, we have studied IFD of the InAs/ InP QDs containing a thin GaAs interlayer. Our results show that both SiO 2 and TiO 2 layers promote IFD of InAs/ InP QDs. The XPS and PL studies indicate that group V interstitial diffusion might be the dominant mechanism. XPS depth profiles show that both In and P outdiffuse to a TiO 2 layer whereas Ga, In, and P outdiffuse to a SiO 2 layer. A large differential energy shift of 157 meV is obtained in the QDs capped with an InGaAs/ InP bilayer and coated with a SiO 2 layer indicating that the use of an InGaAs cap layer in an InAs/ InP QD system could be beneficial for the monolithic integration of QD based optoelectronic devices.
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